Quantum computers, which take advantage of the superposition and entanglement of physical states, could outperform their classical counterparts in solving problems with technological impact, such as factoring large numbers and searching databases. A quantum processor executes algorithms by applying a programmable sequence of gates to an initialized state of qubits, which coherently evolves into a final state containing the result of the computation. Although quantum processors with a few qubits have been demonstrated on multiple quantum computing platforms, realization of solid-state programmable quantum processor under ambient conditions remains elusive. Here we report a programable quantum processor that can be programmed with fifteen parameters to realize arbitrary unitary transformations on two spin-qubits in a nitrogen-vacancy (NV) center in diamond. We implemented the Deutsch-Jozsa and Grover search algorithms with average success rates above 80%. This programmable two-qubit processor could form a core component of a large-scale quantum processor, and the methods used here are suitable for such a device.
The versatility of computers come from changing the problem to be solved to reconfiguring inputs, that is, reprogramming it. In a classical computer, a program is ultimately decomposed into sequences of operations implemented with logic gates. A similar decomposition exists for quantum processors [1] [2] [3] . Arbitrary operations on a multi-qubit system can be broken down into sequences of quantum gates. Reconfiguring these gate sequences provides the flexibility to implement a variety of algorithms without altering the hardware. As with its classical counterpart, a programmable quantum processor is more versatile than one designed for a fixed task. Programmable quantum processors based on a few qubits have been demonstrated using trapped ions [4, 5] , superconducting qubits [6] and quantum-dot-based qubits [7] , but the experimental realization of a solid-state programable quantum processor at room temperature remains elusive. Here, we demonstrate that with the electron spin and 14 N nuclear spin of NV center in diamond one can combine initialization, readout, single-and two-qubit gates to form a programmable quantum processor that can perform quantum algorithms.
NV centers in diamond have emerged as one of the most promising candidates for implementing quantum technologies because they exhibit long coherence time and universal quantum gates with fault-tolerant control fidelity [8] . As depicted in Fig. 1(a) , the NV center consists of a substitutional nitrogen atom with an adjacent vacancy site in the diamond crystal lattice. The ground state of NV center is an electron spin triplet state with three sublevels |m S = 0 and |m S = ±1 . The degeneracy between the |m S = +1 and |m S = −1 states is removed by applying a static magnetic field of about 500 G along the NV symmetry axis ([1 1 1] crystal axis). Under such a magnetic field, the spin state of the NV center is effectively polarized to |m S = 0, m I = +1 when a 532 nm laser pulse is applied [9] . The two-qubit quantum system is composed of |m S = 0, m I = +1 , |m S = 0, m I = 0 , |m S = −1, m I = +1 , and |m S = −1, m I = 0 without considering the other spin levels. The four energy levels are denoted by |1 , |2 , |3 and |4 as shown in Fig. 1(a) .
Arbitrary single-qubit gates combined with applications of a maximally entangling two-qubit gate are sufficient for realization of universal two-qubit unitary operation. Our choice of a universal gate library consists of single-qubit gates and an entangling two-qubit gate, U zz = exp(iπS z ⊗ I z ), which can be realized by the free evolution under the hyperfine coupling between electron spin and nuclear spin. S z and I z are the electron and nuclear spin operators, respectively. We decompose a given unitary operation U into U = (C ⊗ D) · V · (A ⊗ B) as shown in Fig. 1b . The decomposition follows a threestep procedure analogous to that in Ref. 4 . First, we match matrix eigenvalues of V and U to find the three parameters α, β and δ shown in the dashed rectangle in Fig. 1(b) . Second, we calculate the four remaining single-qubit gates, A, B, C and D, to fulfill the equation
. Finally, we parameterize the single-qubit gates by the decomposition R z (ϕ z ) · R(θ, ϕ). R(θ, ϕ) = exp[−iθ(cos ϕ S x + sin ϕ S y )], corresponds to a rotation of angle θ around the axis in the XY plane. ϕ denotes the angle between the axis of rotation and the X axis. R z (ϕ z ) represents a rotation of angle ϕ z around the Z axis. After the procedure discussed above, any two-qubit unitary transformation can be realized using the universal quantum circuit with fifteen parameters, which are α, β, δ, θ
el. In our quantum processor the two-qubit entangling gate U zz is achieved by the free evolution under the hyperfine coupling between electron spin and nuclear spin. The hyperfine coupling is characterized by Hamiltonian H hf = 2πAS z I z with the hyperfine coupling strength A = −2.16 MHz. So the time duration of U zz is 231.5 ns. The single-qubit rotations on the electron spin are realized by microwave (MW) pulses with fixed strength of ω 1M W = 40 MHz which is large compared to the hyperfine coupling A. This flips the electron spin practically independent of the nuclear spin state. The length of the MW pulse t is determined by the rotation angle θ as shown in the upper panel in Fig. 1(c) . Since the electron spin and nuclear spin evolve and decohere at very different rates, decoherence-protected gates are implemented to realize the single nuclear spin rotation [10] as shown in the lower panel in Fig. 1(c) . The XY-4 sequence is applied on the electron spin to protect the coherence. The nuclear spin is driven during the time between the decoupling pulses. A rotation of the nuclear spin, which is independent of the electron spin state, is constructed by choosing τ = 2nπ/A with integer n. Here we fixed τ = 2777.8 ns with n = 6 and the strength of the radiofrequency (RF) pulses is calculated by ω 1RF = θ/4τ . The rotation around the Z axis R z (ϕ z ) is realized by adding a phase to the drive field for all subsequent gates.
Our experiment was implemented on an NV center in [100] face bulk diamond. The nitrogen concentration in the diamond was less than 5 ppb and the abundance of 13 C was at the natural level of 1.1%. The diamond was mounted on a home-built confocal setup. Spin-state initialization and detection of the NV center was realized with a 532 nm green laser controlled by an acousto-optic modulator (ISOMET, power leakage ratio ∼1/1000). To preserve the NV center's longitudinal relaxation time from laser leakage effects, the laser beam was passed twice through the acousto-optic modulator before going through an oil objective (Olympus, PLAPON 60*O, NA 1.42). The phonon sideband fluorescence (wavelength, 650-800nm) went through the same oil objective and was collected by an avalanche photodiode (Perkin Elmer, SPCM-AQRH-14) with a counter card. A solid immersion lens (SIL) is created around the NV center to increase the fluorescence collection efficiency. The magnetic field was provided by a permanent magnet and aligned by monitoring the variation of fluorescence counts. The state of the two-qubit solidstate quantum processor can be effectively polarized to |m S = 0, m I = +1 with 532 nm laser pumping when a static magnetic field of about 500 G is applied along the NV symmetry axis. The polarization of electron spin and nuclear spin are 95% and 98%, respectively. The spin states were manipulated with microwave and radiofrequency pulses. The microwave and radio-frequency pulses were generated by an arbitrary waveform generator (Keysight M8190A), amplified individually with power amplifiers (Mini Circuits ZHL-30W-252-S+ for microwave pulses and LZY-22+ for radio-frequency pulses). A broadband coplanar waveguide with 15 GHz bandwidth was designed and fabricated to feed the microwave. The radio-frequency pulses were carried by a home-built coil to suppress their thermal effects on the electron spin.
To demonstrate the ability of the processor to generate arbitrary unitary transformations, we first implement the Deutsch-Jozsa algorithm [11] as an example. It has been employed in different systems to demonstrate the exponential speedup in distinguishing constant from balanced functions with respect to the corresponding classi-cal algorithm [12] [13] [14] [15] [16] [17] [18] . A function that has an n-bit input and a 1-bit output (f : 0, 1, 2, ..., 2 n − 1 → 0, 1) is balanced when exactly half of the inputs result in the output 0 and the other half in the output 1, while a constant function assumes a single value irrespective of the input. In our setup, the constant function (f (0) = f (1) = 0) and the balanced function (f (0) = 0, f (1) = 1) are mapped onto the unitary operators U i with U 1 = I and U 2 = CNOT as shown in the quantum circuit in Fig. 2(a) , where the I denotes the identity and the CNOT is the controlled-NOT gate. A measurement of the populations, P = {P 1 P 2 P 3 P 4 }, of the final state determines if the function is constant or balanced. To determine the level occupation probability of the final state, we measure the photoluminescence of the state. And we also apply π e and π n pulses on the electron and nuclear spin respectively on the final state to flip the populations within the two-qubit system. The population of each level can be calculated from the resulting photoluminescence of these states. The entire quantum circuit combined with the flipping pulses can be treated as a unitary operator. We decompose this unitary operator into the universal quantum circuit as shown in Fig. 1b following the three steps discussed above and obtain the 15 parameters as shown in Table I . Different unitary operators are implemented using the universal quantum circuit with different sets of parameters. Measurement of output P = {1000} indicates a constant function, while P = {0010} indicates a balanced function. In Fig. 2(b, c) we show the measured population of each spin level of the final state after the Deutsch-Josza algorithm. The red bars indicate the ideal result, while the green bar is the simulation result considering the decoherence of the electron spin and the imperfect polarization. The experimental results (blue bars) are in good agreement with the simulated results. The average success probability is 0.88(2) for constant and 0.93(2) for balanced functions. Now we show that another quantum algorithm, named Grover search algorithm, can be executed by our programable quantum processor by just adjusting the fifteen parameters. The Grovers search algorithm [19] provides an optimal method for finding the unique input value x 0 of a function f (x) that gives f (x 0 ) = 1 and f (x) = 0 for all other values of x. It has been demonstrated in various systems [20] [21] [22] [23] . In the two-qubit version of this algorithm there are four input values, x ∈ (00, 01, 10, 11), resulting in four possible functions f ij (x), with i, j ∈ (0, 1). These functions are mapped onto the CPhase gate cU ij that encodes f ij (x) in a quantum phase, cU ij |x = (−1) fij (x) |x . The C-Phase gate cU ij is denoted by the oracle U i as shown in the quantum circuit in Fig. 3(a) . The unitary operator of the four possible quantum circuit is programmed into the four sets of parameters as shown in Table II . A measurement of the populations, P = {P 1 P 2 P 3 P 4 }, of the final state finds the state that has been marked. In Fig. 3(b-e) we show The algorithms presented here illustrate the computational flexibility provided by the solid-spin based quantum architecture at room temperature. The programmable quantum processor is capable of implementing arbitrary unitary operation on two qubits using the universal quantum circuit with altering the parameters. Substantial improvements could be made in the performance of the processor by using isotopically purified 12 C, which would increase the coherence times of the qubits [24] . Furthermore, dipolar coupling of electronic spins could mediate interactions between nuclear spins associated with different NV centers [25] , offering a potentially scalable platform for information processing [26] . Optical channels provide an alternate platform that is well suited to mediating interactions over macroscopic distances or in highly connected networks [27, 28] . With these improvements quantum computers with multiple qubits and fidelities above the fault-tolerance threshold should be realizable.
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